Phase-locking in a 34.5 G]lz special complex cavity gyrotroxl oscillator operating at the second harmonic of the electron cyclotron frecluency was studied. Injection of the locking power was made via a quasi-optical circulator connected to the gyrotron output. Locking bandwidth was measured by comparing the phase of the injection signal and output signal using a balanced mixer. Locking was observed with input power level as low as 40 dB below the gyrotron output power. The locking bandwidth is, however, narrower than in
I
gyrotrons operating at the fundamental cyclotron frequency which inay be attributed to the I longer resonant cavity in the second harmonic gyrotmn and the corresponding larger value of external quality factor. The measurements are roughly in agrmment with predictions of I Adler's phase-locking equation which is given for our system in terlns of powers propagating in the output waveguide toward and away from the gyrotron cavity. I q The research described in this paper was carried out in part by the Jet Propulsion Lab-1 oratory, California Institute of Technology, under a contract with the National Aeronautics I. INTRODUCTION Efficient. high power, coherent millimeter wave sources are currently needed for satellite and space communications and for imaging radar to be used in space exploration [1] . A weakly relativistic (electron energy < 100 keV) gyrotron phase-locked oscillator operating at high harmonic of the electron cyclotron frequency (harmonic number s z 2) has been considered as one of the appropriate source choices for these applications for the following reasons:
(1)
the transverse dimensions of both the electror] brain and the circuit can be much la~ger than in klystrons or slow-wave microwave tubes because of the ability of gyrotrons to operate in fast wave, higher-order, transverse electric modes, resulting in higher average and peak power rating at a given operating frequency;
the moderate voltage requirement avoids the need for large insulators or electron accelerator sections; and the required magnetic field can be reduced by tile harmonic factors compared with gyrotrons operating at fundamental cyclotron frequency, potentially making gyro-devices compatible with modern permanent magnet tecllno]ogy UP tc) operating frequencies of approximately (s x 20) GIIz.
Recently, major advances have been reported in gymtrons operating at harmonics of the cyclotron frequency. High ef%ciency and high power have been achieved in free running second harmonic gyrotron oscillators operating in the millimeter-wave band [2] [3] [4] . Furthermore, there have been successful demonstrations [5, 6] of phase-locked gyrotrons operating at the fundamental cyclotron frequency. IIowever, no phase-locked harmonic gyrotron operation had been reported prior to the present paper.
In this paper we report the operation and measurement of a high power (-100 kW)
second harmonic gyrotron phase-locked by signal injection through the output window using a quasi-optical circulator system [7] to separate the input and output signals. Section II gives a brief description of the second harmonic gyrotron and the arrangement of the phaselocking experiment. Section 111 discusses the pertinent theory of phase-locking taking into account reflection of the injected signal at the entrance to the gyrotron cavity; requirements on the flatness of the voltage pulse applied to the gyrotron are also discussed. In Section 
of the equaticjns .J'(po2) = .J'(po3) = O, Jo is cutoff wavenurnber, which is the same for both modes. Then, if the lengths of both sections are also equal that gives closely matched axial wavenumbers for both modes; thus, one can suppose that in a complex cavity these two partial modes will have closely matched eigcnfrequencie.s.
To provide a coupling between these two modes a slotted waveguide with a gradually changing cross section is used (part 3). This part is composed of a main waveguide of radius a and N slotted branch waveguides. The angle subtended by each slot, 20., varies slowly from O to 27r/A' over the length cd; the depth of each branch waveguide is constant and equal to (b -a). Thus, the gradually changing slotted waveguide efficiently converts a TE 02 mode to a TEW mode. The three parts described above together with part 4 (cutoff section) and part 5 (diffraction output section) form a resonator. Good mode selectivity results from this kind of complex cavity for the following reasons:
( (a = 9.
Special complex cavity with internal mode cc)nverter for transforming TEOZ to TEN 65 mm, 6, 14 mm, cavity length = 110 mm). Due to the superior mode selectivity of the special complex cavity, stable, eflicient, harmonic gyrotron operation and high output mode pulity result. Both of these are vital for realization of the proposed phase-locking. It would have beerl Inore difilcu]t to achieve the required stability of operation in a more usual smooth-wall cavity gyrotron operating at a harmonic of the cyclotron frequency because of mode competition problems. Also, the phaselocking arrangement in the present study employed a quasi-optical circulator for separation of injection signal from the gyrotron output signal, and this circulator has critical demands on gyrotron output mode purity for its effective operation.
Evidence for the stability of gyrotron operation is shown in Pig. 3. Figure 3 Lowering the voltage has the effect of reducing shot-to-shot pulse height fluctuations in the modulator, The gyrotron system operating parameters for the phase-locked experiment are shown in Table 2 . The high power overmoded waveguide system consists of a series of circular waveguide mode converters which changed the injected beam from the IIEII gaussian mode to the TEN gyrotron operating mode. Due to geometrical/mechanical considerations a mode converter system similar to that considered by Deane [8] was employed. l'he 1.970 inch diameter output waveguide of the gyrotron was nonlinearly tapered to 1.400 inches, where a fourripple TE03-TE02 mode converter was inserted. A further taper to a 1.00 inch diameter was included and followed by a four-ripple TE02-TE01 mode converter. The conversion efficiency of these devices each exceeded 96%. The guide was then bent through an angle of 54.5°o
ver an arc length of 20.0 inches converting the TEc,l mode to the TMII mode. Since the bend used a sinusoidal curvature distribution rathel than a constant radius of curvature, an efficiency of 99.9% was achieved. Finally, a corrugated TM II --IIE11 mode converter and horn assembly was used to generate a gaussian bean] with the correct waist size to couple into the quasi-optical system [9] . An overrnoded directional coupler was also included in the waveguide system, providing test signals for a crystal detector and spectrum analyzer.
The gyrotron output followed the reverse path back to the Faraday rotator where it underwent another 45 degree rotation. Since it was then cross-polarized to the grid, the high power beam was transmitted through the grid and was absorbed by a free-space load.
The quasi-optic circulator system including the mode converters was measured to have an imertion loss of 1 dB and an isolation of greater than 25 dE1. Waveguide losses reduced the injection signal an additional 1 dB.
6 A small portion of the gyrotron output power was received by a horn antenna located near the free-space load and was sent to tile input port of a balanced mixer. There it was combined with a sample of the injection signal from the waveguide coupler located at the TWTA output. The resulting mixer output voltage which was proportional to the instantaneous phase difference between the output and injection signals, was fed into a digitizing oscilloscope. The digitized data were recorded by a computer and stored for later analysis. Crystal detector waveforms and spectrum analyzer displays were also obtained from a branch circuit in the gyrotron output waveguide.
III. TH~o~Y PR~~ICTIONS: PHASE-LC)CKING EQUATION AND D EMANDS ON G YROTRON Pow~R SUPPLJES

A. Phase-locking Equations
In order to obtain the phase-locking condition ill a direct manner, we start from the gyrotron operation equations presented in reference (1 O] . The reduced gyrotron equations, which describe an annular electron beam interacting with a circular TE~. mode near cutoff, have been described in a number of papers [11] [12] [13] [14] [15] . Here we simply write down the pertinent results. For operation at the sth harmonic, the wave equations arc
where g = g, + ig i is the gain functional defined by
The angle brackets denote an average over initial phase # uniformly distributed between O and 27r. In these equations,
..?+.
P PLO
is the perpendicular momentum normalized to its initial value,
is the slowly varying gyrophase (@9P is the actual particle gyro~)hasẽ
is normalized distance where L is the length of the cavity as dctcrl.
and 1 is the normalized current: i.e., 
where Wr is the real part of the complex cold cavity resonant frequency. Its imaginary part, which is responsible for losses, is described by the term 1/2 in the brackets on the left-hand side of Eq. (2a); note that in Eq. (2), ~ is the slowly varying time, ~ = wt/Q. Finally, A is proportional to the field injected into the cavity from an external source.
As discussed in the introduction, this paper is specifically addressed LO p}~ase-locking of a harmonic gyrotron with external injection. In this respect, the dependence of the locking bandwidth A~~ on the input and output power is of practical interest. This quantity can be estimated by setting dr/~/d~ == O in Eq. (2 b). '1'hetl, we can obtain the following formulae for the maximum and minimum detuning:
Now, if wc assume that at both /3 ma. and Air, the imaginary Part of the gain function, gi, and the normalized field amplitudes are the same, then we can c) btain the following approximate formulae for the locking bandwidth, q,,. -L'tin:
; ~ Q '"=:2:'*: q and, for the dependence of phase on the frequency:
where the 'hot' resonant frequency of the cavity is WO and W. H cd, .
Equation (8) together with Eqs. (5) and (6) indicates that the phase traverses 180 degrees as the signal frequency swings through the full lock bandwidth. This will be important in demonstrating that phase-locking was accomplished during the experiments by injecting an external signal that is swept in frequency.
The locking bandwidth defined by Eq. (7) (10) and (11) we since they are the same for both, and we are interested only in the ratio of these values. As follows from Eqs. (9)- (11), this ratio is equal to r ---. ---. -
In our experiment, the condition A 2 <<1 is well satisfied SC) that Eq. ( 12) 
For the case of a critically coupled cavity entrance, Eq. (14) becomes cavity (i.e., Q, z Q.hm) with no power reflection at the
Equation (15) is another common form of Adler's equation; however, it is not applicable to the present case since the gyrotron cavity is overcoupled (Q, < Qo~ ). Then, one must use the more general form in Eq. (14), which can be rewritten (16) l~quation ( 16) may be regarded as a generalization of Adler's equation which allows for power reflection at the entrance to the cavity.
B. Expected Pulse Waveform
In the experiment, the lock range can be deterlnined by sweeping the synthesizer frequency across the normal operating frequency of the gyrotron and viewing the phase difference between the gyrotron output and the injected signal over a single pulse as well as on a pulse-to-pulse basis.
The average value of the phase difference between the refereIicc and test signals over a given pulse is estimated by computing the average of a set of samples taken from the center portion of the difference pulse. When the difference frequency is large, many cycles appear across the pulse and the average voltage is zero. Whcrr the two input frequencies to the mixer are close enough so that no significant portion of a cycle appears across the pulse, a finite average mixer voltage is found for that particular pulse. If the injection signal is so close to the gyrotron frequency that the difference is not resolvable over the pulse length, but the gyrotron is not phase-locked with the injection signal we would expect uncorrelated phase (average pulse voltage) from pulse to pulse. When the gyrotron is injection locked we expect the phase to ramp through a 180 degree range as the locking bandwidth is traversed (see the next section). An example of average voltage results over three regions (high frequency beat note, uncorrelated phase difference, and phase-locked) are shcnvn in Fig. 6 . In addition to the average phase of the pulse, the standard deviation of the mixer voltage (pulse phase) is also included on the plot. This statistic is also an aid in determil]ing the lock range. When many cycles appear across the pulse the standard cleviation is high; it is low under locked conditions regardless of the phase of the pulse. 
where Od is the initial relativistic cyclotron frequency.
In these figures, the assumption was made that Pi./F',,., == 10 -" 3 and that Q, = 1000. 
IV. EXPERIMENTAL llESULTS
A. Measurement of Locking Bandwidth
In all, sixteen separate experiments were performed. Two were control experiments with the injection horn blocked, eight were perfc)rmed at full injection power (60 Watts), and two were performed at each of three reduced power levels, (30, 15, and 6 Watts). For each experiment 250 pulses were captured near the center of the lock range for later analysis.
The synthesizer was swept across a 10 MHz range in 60 seconds, and the pulse repetition frequency was 43 Hz, corresponding to a frequency step of 3.876 kHz per pulse. The pulse waveforms were sampled at a rate of 10 samples pel microsccol]d, and the effective pulse width was 4 microseconds. In some instances the 250 pulses did not straddle the complete locking bandwidth and no useful results were obtained from those experiments. Examination of the individual pulses in the locking range shows that the behavior predicted in Fig. 6 is observed. Figure 10 plots the mixer voltage for four representative pulses captured ,during the experiment discussed above. As can be seen from Fig. 9 , pulse number 3 is unlocked and more than a complete cycle of beat note is visible across the pulse. Pulses numbered 75, 120, and 140 represent locked pulses. They are relatively flat, with an average voltage that is proportional to the phase difference between the injection and output signals.
This voltage varies from a maximum (pulse 75) through zerc) (near pulse 120) to a minimum (pulse 140) as the lock range is traversed.~i g. 9. Mean and standard deviation of samples ( locked 114 pulsm -440 k}~z).
In all, twelve of the experiments produced useful results. T}~ese data are tabulated below in Table 3 along with theoretical predictions from Eq. ( 16) with gyrotron output power PO"L = 100 kW, and the gyrotron operating frequency j(, == 34.5 G}lz, and taking Q. = 2500.
There is rough agreement between the experimental values of locking bandwidth and the theoretical predictions. At the highest values of the injection power, the measured bandwidth is somewhat smaller than the t}leoretical value; this may be due to the ripple in the gyrotron modulator voltage. We also note that as injection power, }:, is reduced the locking bandwidth appears to shrink less rapidly than /P~; however, further study is required before a definitive statement can be made. 
high power compatible, quasi-optical calculator. 'I'he insights gained during this study be summarized as follows:
A second-harmonic gyrotron oscillator incorporating a s~)ecial complex cavity can operate with sufficient stability and efficiency that it can be phase-locked by injecting an external signal as small as 42 dB below the gyrotron output power.
A quasi-optical circulator can be of practical value in phase-locking high power millimeterwave oscillators with signal injection through the output window.
The requirement for gyrotron power supply stability to achieve phase-locking is quite demanding but can be realized if gyrotron efficiency is high (i.e., AVb/Vb ~ 0.3% is 
